Abstract: Computational studies of the mutational effects at the C3, G8, and G5 positions of the hammerhead ribozyme (HHR) are reported, based on a series of twenty-four 100-ns molecular dynamics simulations of the native and mutated HHR in the reactant state and in an activated precursor state (G8: 2′OH deprotonated). Invoking the assumptions that G12 acts as the general base while the 2′OH of G8 acts as a general acid, the simulations are able to explain the origins of experimentally observed mutational effects, including several that are not easily inferred from the crystal structure. Simulations suggest that the Watson-Crick base-pairing between G8 and C3, the hydrogen bond network between C17 and G5, and the base stacking interactions between G8 and C1.1, collectively, are key to maintaining an active site structure conducive for catalytic activity. Mutation-induced disruption of any of these interactions will adversely affect activity. The simulation results predict that the C3U/G8D double mutant, where D is 2,6-diaminopurine, will have a rescue effect relative to the corresponding single mutations. Two general conclusions about the simulations emerge from this work. First, mutation simulations may require 30 ns or more to suitably relax such that the mutational effects become apparent. Second, in some cases, it is necessary to look beyond the reactant state in order to interpret mutational effects in terms of catalytically active structure. The present simulation results lead to better understanding of the origin of experimental mutational effects and provide insight into the key conserved features necessary to maintain the integrity of the active site architecture.
Introduction
The study of RNA enzymes, or ribozymes, is of considerable interest due to their importance in biology, 1-4 their evolutionary implications, [5] [6] [7] [8] [9] and their potential impact for the design of drugs 10 and new biomedical technology. 11, 12 The hammerhead ribozyme (HHR) 1,13,14 is a small, self-cleaving ribozyme derived from RNA discovered in satellites of various plant virus genomes. [15] [16] [17] Catalysis results from in-line nucleophilic attack of the 2′O of C17 to the adjacent scissile phosphate, followed by cleavage of the P-O5′ bond of C1.1 to produce a 2′,3′-cyclic phosphate and a 5′-hydroxy terminus in two RNA product strands. The catalytic activity of HHR motifs has promise in a number of biomedical applications. These include their use as a tool for gene regulation, 18, 19 in ribozyme-based target discovery, 20 and as therapeutic agents. 10, [21] [22] [23] Consequently, much effort has been devoted to understanding the details of the HHR mechanism both experimentally 3, 4, 13, 24 and theoretically. [25] [26] [27] [28] [29] The HHR is formed from a three-way Opin. Chem. Biol. 1999, 3, 260-267 . Blatt, L.; Seiwert, S. D. Nat. Biotechnol. 2002, 20, 810-815. (12) Breaker, R. R. Curr. Opin. Biotechnol. 2002, 13, 31-39. (13) Scott, W. G. Q. ReV. Biophys. 1999, 32, 241-294. (14) Blount, K. F.; Uhlenbeck, O. C. Biochem. Soc. Trans. 2002 , 30, 1119 -1122 . (15) junction with a conserved catalytic core 30 that contains the active site ( Figure 1 ) and requires tertiary interactions between stems I and II for optimal activity. 31, 32 Mutagenesis experiments suggest that three conserved residues, G5, G8, and C3, among others, are critical for catalytic activity. 24, 30, [33] [34] [35] [36] [37] Mutants of G5 and G8 exhibit different pH-dependent behavior, 36 and it has been shown recently that HHR constructs can tolerate double mutants that preserve base-pairing between the positions 3 and 8, but that these mutations have some sequence dependence and are sensitive to the identity of residue 17. 38, 39 The roles of these residues, however, are not evident from analysis of the minimal sequence HHR crystal structures [40] [41] [42] that, despite being active in the crystal, are in a conformation that requires considerable rearrangement to arrive at a catalytically active structure. It was not until the recent full-length HHR structure 43, 44 was solved that a sound structural basis emerged that could serve as a departure point for theoretical investigations aimed at understanding the origin of mutational effects and helping to reconcile the HHR mechanistic debate.
The purpose of the present work is to extend our preliminary studies 27 to elucidate the origin of mutational effects in the hammerhead ribozyme. In a series of twenty-four 100-ns molecular dynamics (MD) simulations, we explore the structure and dynamics of HHR mutants involving C3, G5, and G8 positions in the reactant and activated precursor (deprotonated 2′OH) states. This work greatly extends the scope of our previous communication 27 that utilized 600 ns of cumulative simulation (compared to 2.4 µs in the current work) to focus on a subset of mutations involving only the C3 and G8 positions. A key result that emerges is that, in performing computational mutagenesis simulations of ribozymes, one must consider time scales greater than 30 ns for relaxation of mutant structures and in some instances look beyond the reactant state along the catalytic reaction coordinate in order to reconcile the origin of mutational effects. Consistent with the crystallographic structure, our results indicate that Watson-Crick base-pairing between G8 and C3 stabilizes the stem-stem interactions and positions the 2′OH of G8 so as to act as a general acid catalyst. More detailed examination reveals a hydrogen bond network between C17 and G5 and base stacking interactions between G8 and C1.1 that position the nucleophile and leaving group in an inline orientation conducive for catalytic activity. In addition, the simulation results reported here offer several new insights into mutational effects that cannot be reasonably inferred from (29) Schematic representations of the hammerhead ribozyme active sites and the two potentially important hydrogen bond networks between C3 and G8 and between G5 and C17. All key structural indexes calculated are also labeled.
inspection of the crystallographic structure and make a prediction of a compensatory mutation that has not yet been measured.
Methods
A total of 12 mutants have been simulated: WT, C3U, G8A, G8I, G8D, C3G/G8C, C3U/G8A, C3U/G8D, G5I, G5A, G5D, and U7C (control). Each mutant was simulated in two different states (the reactant state and the C17:O 2′ -deprotonated "activated" precursor state). Hence, 24 simulations were performed in total, with each having 10 ns solvent/ion equilibration, followed by 10 ns solute equilibration and 100 ns production simulations. Here the standard RNA nucleotide notations are used for A (adenine), G (guanine), C (cytosine), and U (uracil), while D stands for 2,6-diaminopurine and I stands for inosine. The native "wild-type" sequence simulation is designated WT. Mutant simulations are indicated by their particular mutation. For example, C3U refers to the mutant with the native cytosine at position 3 replaced by a uridine. Double mutants are denoted by the combination of two mutations separated by a slash, e.g., C3G/G8C.
Seven mutants were chosen to explore the C3 and G8 positions: C3U, G8A, G8I, G8D, C3G/G8C, C3U/G8A, and C3U/G8D (Figure 2 ). Among these mutants, G8A and G8D reduce the number of base-pair hydrogen bonds and change their relative positions, while G8I only alters the number of base-pair hydrogen bonds. The number of hydrogen bonds and their relative positions are all kept in the double mutants C3G/G8C and C3U/G8A, while the relative hydrogen bond positions are changed for C3U/G8D. For the G5 position, three mutants were chosen: G5I, G5A, and G5D ( Figure   Figure 2 . Schematic representations of the mutants and the hydrogen-bonding network of the C3 and G8 positions. k rel is the experimental cleavage constant relative to the wild-type. The relevant references are listed in Table 6. 3). Only one hydrogen bond (to C17) is kept in G5A and G5I, while there are two hydrogen bonds (in different positions) for G5D. U7C was chosen as the control simulation since it has been shown to be a benign mutation, 34 and this mutation does not cause any change in the hydrogen bond patterns at the G5/C3/G8 positions.
Simulation Setup. The initial structure used in the simulations was based on a 2.0 Å crystal structure with Mn 2+ ions and solvent resolved (PDB: 2OEU), 44 with Mn 2+ ions replaced by native Mg 2+ ions in the simulations. The positions of hydrogen atoms and atoms of the mutated residues were determined using the VMD program (version 1.8.6).
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The ribozyme was then immersed in a cubic cell of 60 × 60 × 100 Å 3 , filled with pre-equilibrated TIP3P 46 waters. The ribozyme molecule was rotated so that the longest molecular axis was aligned with the longest water cell axis, and it was centered about the site and pruned such that any water molecule within 2.8 Å from the solute was removed. The ion atmosphere consisted of Na + and Cl -ions that were added to neutralize the system and reach the physiologic (extracellular) concentration of 0.14 M. The ions positions were kept initially at least 5.0 Å away from any solute atoms. 49,50 The TIP3P water model was used. 46 Periodic boundary conditions were used along with the isothermal-isobaric ensemble (NPT) at 1 atm and 298 K using the extended system pressure algorithm 51 with an effective mass of 500.0 amu and a Nosé-Hoover thermostat with an effective mass of 1000.0 kcal/ (mol · ps 2 ), respectively. The smooth particle mesh Ewald (PME) method was employed with a B-spline interpolation order of 6 and the default κ value (0.258 Å -1 ), and 60, 60, and 100 FFT grid points were used for the x, y, and z cubic lattice directions, respectively. Nonbonded interactions were treated using an atom-based cutoff of 12 Å with switching of the nonbonded potential beginning at 10 Å. Numerical integration was performed using the leapfrog Verlet algorithm with 1 fs time step.
56 Covalent bond lengths involving hydrogen were constrained using the SHAKE algorithm. Table 6 .
Equilibration Protocol. The following equilibration procedure (total 10 ns) was applied to the system prior the production simulations. The positions of the solute atoms, including the Mg 2+ ions, were first kept by a harmonic potential of 50 kcal/(mol · Å 2 ) in the equilibration stages.
1. Pre-Annealing Stage. Water and ions were first energyoptimized for 2000 steps and then underwent a constant-volume simulated annealing. The temperature was increased from 0 to 298 K at a rate of 1 K/ps. The system was then kept at 298 K for 500 ps.
2. Annealing Stage. First step: The temperature was increased from 298 to 600 K at a rate of 1 K/ps and then was kept at 600 K for 500 ps with constant volume. Second step: The temperature decreased from 600 to 298 K at a rate of 1 K/ps and then was kept at 298 K for 1500 ps with constant volume. Third step: The system was kept at 298 K for 3000 ps at constant pressure (1 atm). The whole annealing cycle was then repeated twice before the postannealing stage.
3. Solute Relaxation Stage. After the annealing stage, the solute atoms were energy-optimized and then were allowed to move under harmonic restraints over 500 ps simulation at 298 K under constant pressure of 1 atm. The harmonic force constant (in kcal/(mol · Å 2 )) on each heavy atom was obtained from the empirical formula k i ) 25 + (2 × 10 3 )/B i , where k i is the force constant for atom i and B i is the corresponding crystallographic B-value. The restraints were exponentially released over 500 ps with a half-life decay parameter of 100 ps. At the end of the 500 ps simulation, the restraints were reduced to about 3% of the initial restraints.
Production Simulation. After the 10 ns of solvent equilibration, the whole system was energy-optimized, and unconstrained dynamics simulation began from 0 K under constant pressure of 1 atm. The temperature was increased to 298 K at a rate of 1 K/ps and then kept fixed at 298 K. The same equilibration process was applied for each simulation.
At the first 10 ns simulation (solute equilibration), two harmonic restraints of 20 kcal/(mol · Å 2 ) were added to keep the Mg 2+ ion binding to the G10.1:N 7 and A9:O P2 positions. Another three harmonic restraints of 20 kcal/(mol · Å 2 ) were used: the distances between G8:H O2′ and C1.1:O O5′ , and between G12:H 1 and C17: O 2′ , were kept around 1.8 Å to ensure the initial hydrogen bonding; the distance between A9:O P2 and C1.1:O P2 was kept at 4.3 Å (crystal distance). After 10 ns, all restraints were removed.
The motions and relaxation of solvent and counterions are notoriously slow to converge in nucleic acid simulations, 58 and careful equilibration is critical for reliable simulations. In summary, for each simulation, a total of 20 ns of equilibration (10 ns of solvent/ion relaxation and 10 ns of solvent and structure relaxation) has been carried out before 100 ns of data sampling.
To catch the overall picture of the mutational effect of each mutant, clustering analysis was performed on the basis of the rootmean-square deviation (rmsd) of heavy atoms, with a cutoff 1.5 Å for each mutant. For all mutants, the largest cluster is chosen to calculate the average structure, and every chosen cluster has a population of over 90% of the whole trajectory. The cluster-average structures, in PDB format, from both the reactant and the activated precursor state simulations of all mutants are available as Supporting Information. Mutants that exhibit significantly visible mutational effects are shown in Figures 4-6.
Results
In the present work, nucleobase mutations are explored at the C3, G8, G5, and U7 positions. Simulations for each mutation have been performed in both the reactant and activated precursor states and are compared with the wild-type simulation results. The activated precursor state is described in more detail below and is distinguished by deprotonation of the 2′OH nucleophile of C17. This change in charge state facilitates the migration of a divalent metal ion into a position that bridges the A9 and scissile phosphates in the present simulation models, [25] [26] [27] [28] [29] although, to date, this binding mode has not been directly observed experimentally. The U7 mutation is benign and is used as a control simulation. Single mutations at both the C3 and G8 positions (C3U, G8A, G8I, and G8D) are explored, where D indicates 2,6-diaminopurine and I indicates inosine. In addition, double mutants that exhibit a partial rescue effect have been examined, including the isosteric C3U/G8D and hydrogenbond-preserving C3G/G8C switch mutations. A simulation of a C3U/G8D mutation, for which there currently exists, to our knowledge, no experimental measurement, predicts a rescue effect. Finally, a series of single mutations at the G5 position have been studied, including G5I, G5A, and G5D.
The general structure of the HHR active site, including identification of indexes used to characterize key hydrogen bond networks and base stacking interactions involving conserved residues, is shown in Figure 1 . Representative hydrogen bond patterns observed in the simulations for the C3 and G8 mutants are shown in Figure 2 , and those for the G5 mutants are shown in Figure 3 . Averages and fluctuations for key indexes used to characterize the active site are listed in Tables 1 and 2 for the  reactant state and Tables 3 and 4 for the activated precursor state. Table 5 lists indexes used to characterize the base stacking interactions between G8 and C1.1 in the wild-type, benign U7C and G8I single mutants, and double mutant simulations. A summary of the overall mutational effects inferred from the MD simulations is provided in Table 6 and compared to experimental values for the relative catalytic rates.
In the discussion that follows, we will apply certain mechanistic assumptions in our analysis, in particular, with regard to the role of G12 and G8 2′OH as the general base and acid, respectively. These roles are supported by structural data 43, 44 and mutagenesis 24 and biochemical 59,60 studies but have not been definitively proven. Assuming this plausible mechanistic hypothesis, we then ask whether our simulation results can explain the origin of the mutational effects. It should be emphasized, however, that, should the mechanistic assumptions regarding G12 and G8 be incorrect, so must be the interpretations of the simulation data that invoke this model. To resolve these details, further study is needed, for example, using molecular simulation of the catalytic chemical steps of the reaction with combined quantum mechanical/molecular mechanical methods.
Wild-Type and U7C Control Simulations. As a precursor to the discussion of the origin of mutation effects on reaction rate, a characterization of the key elements of the wild-type simulation that affect catalysis is needed. Moreover, to lend credence to our simulation methodology and our mechanistic interpretation of simulation results, we perform a control simulation of a U7C mutation that has been observed experimentally to have no adverse effect on the relative rate of reaction as determined by the ratio of rate constants for wild-type and mutant reactions, k rel ) k mut /k wt . The wild-type and U7C control simulation results are included in all of the tables for reference and comparison. depicted in Figure 1 . The full-length HHR catalyzes the sitespecific cleavage transesterification of the phosphodiester bond with rate enhancement up to 10 6 -fold relative to the rate of noncatalyzed cleavage.
14 The cleavage and ligation of the naturally occurring full-length hammerhead motifs are around 1000 and 2000 times faster, respectively, than the corresponding so-called "minimal sequence" HHRs. 32, 61, 62 Catalysis is generally believed to proceed by a general acid and base mechanism. In this mechanism, the endocyclic amine of G12 (G12:N 1 ), in deprotonated form, acts as the general base to abstract a proton from the 2′OH of C17 (the nucleophile) to form an activated precursor. The activated precursor then proceeds in an in-line attack to the adjacent scissile phosphate to form a pentacovalent phosphorane transition state. The 2′OH group of G8 (G8:O 2′ ) acts as a general acid catalyst to donate a proton to the 5′ oxygen of C1.1 (the leaving group) to facilitate breakdown of the phosphorane and phosphodiester bond cleavage. The pK a of the general acid is believed to be shifted into the catalytic range through interaction of a divalent metal ion that bridges the phosphoryl oxygens of A9 and the scissile phosphate. These oxygens are positioned approximately 4.3 Å away from one another in the crystal structure, and both exhibit significant catalytic thio effects in the presence of Mg 2+ ions that can be rescued by titration with thiophilic Cd 2+ ions. Simulation results indicate that the divalent metal ion migrates from a distal binding site involving A9 and G10 in the reactant state to a bridging Figure  1 ). The gray and orange numbers at the left corner are the general base hydrogen bond length (r HB ) and angle (θ HB ), respectively. The gray number at the upper right corner is the N 1 -N 3 distance between C3 and G8. Clustering analysis was performed on the basis of the rmsd of heavy atoms, with a cutoff 1.5 Å. For all mutants, the largest cluster is chosen to calculate the average structure, and every chosen cluster has a population of over 90% of the whole trajectory.
position between the A9 and scissile phosphates upon formation of the activated precursor.
From this mechanistic picture, several conditions for catalytic competency of the HHR can be inferred. First, the general base must be correctly positioned to abstract a proton from the nucleophile to form the activated precursor. Second, the structure of the active site must allow the activated nucleophile to be in-line with the scissile phosphate, and fluctuations must sample conformations that have a high degree of in-line fitness. Third, the integrity of the active site, and in particular the proximity of the A9 and scissile phosphates, must be conducive to binding a bridging divalent metal ion. Fourth, the general acid must be poised to donate a proton to the leaving group to facilitate cleavage. In order to satisfy these conditions, a specific network of hydrogen bonds and base stacking interactions must be in place. Indexes correlated with each of these conditions are depicted in Figure 1 . The average values and fluctuations of these indexes for the wild-type simulation are listed in the tables for reference, and representative hydrogen bond networks involving conserved residues are shown in the figures.
U7C Control Simulation Satisfies All of the Conditions
for Wild-Type Catalysis. The U7C mutant has a catalytic rate virtually identical to that of the wild-type (k rel ) 1.1).
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Comparison of the wild-type and U7C control simulation shows no major differences in the indexes likely to be key for catalysis (see tables). The general base forms a stable hydrogen bond with the nucleophile in the reactant state (r HB ) 2.1 Å), the distance between the A9 and scissile phosphates (d 0 ) in the reactant state is around 4.3 Å, as in the crystal structure, the activated precursor maintains in-line fitness comparable to the wild-type simulation, and significant hydrogen bonding is present between the general acid and the leaving group. Additionally, the base stacking interactions are very similar between the WT and U7C simulations (Table 5) . Perhaps the most notable difference is that the U7C simulation of the reactant state does not exhibit a strong hydrogen bond between the Figure 5 . Stereo views of cluster-averaged structures of C3 or G8 mutants causing significant deviation at the general acid step. Results are from the activated precursor state simulations. Residues are colored as follows: blue, G12 (general base); red, G8 (general acid); gray, A9 (middle) and C3 (right); tan, active site C17 and C1.1. All hydrogens are not shown, except for the general acid (pink). The blue ball is C17:O 2′ (the nucleophilic attacking group); the red ball is C1.1:O 5′ (the leaving group); the green ball is the Mg 2+ ion. The gray and orange numbers at the middle are the general acid hydrogen bond length (r HA ) and angle (θ HA , see Figure 1 ), respectively. The gray number at the upper right corner is the N 1 -N 3 (r NN ) distance between C3 and G8. Clustering analysis was performed on the basis of the rmsd of heavy atoms, with a cutoff 1.5 Å. For all mutants, the largest cluster is chosen to calculate the average structure, and every chosen cluster has a population of over 90% of the whole trajectory.
general acid and leaving group (r HA ) 3.41 Å in the U7C simulation, whereas the corresponding value is 2.75 Å in the WT simulation). However, the general acid step occurs at a point farther along the reaction coordinate from the reactant state, and examination of the hydrogen bond of the general acid in the activated precursor state indicates a comparable, slightly stronger hydrogen bond interaction (r HA ) 2.50 and 2.61 Å in the U7C and WT activated precursor simulations, respectively). . Stereo views of cluster-averaged structures of G5 mutants causing significant deviation at the general acid step. Results are from the activated precursor state simulations. Residues are colored as follows: blue, G12 (general base); red, G8 (general acid); gray, A9 (middle) and G5 (lower); tan, active site C17 and C1.1. All hydrogens are not shown, except for the general acid (pink). The blue ball is C17:O 2′ (the nucleophilic attacking group); the red ball is C1.1:O 5′ (the leaving group); the green ball is the Mg 2+ ion. The gray and orange numbers at the upper middle corner are the general acid hydrogen bond length (r HA ) and angle (θ HA , see Figure 1 ), respectively. The gray numbers at the lower middle corner are the hydrogen distances between C1.1 and G5. The orange number at the left is the in-line attack angle (θ inl ). Note that these views are from different angles compared to Figures 4 and 5. Clustering analysis was performed on the basis of the rmsd of heavy atoms, with a cutoff 1.5 Å. For all mutants, the largest cluster is chosen to calculate the average structure, and every chosen cluster has a population of over 90% of the whole trajectory.
Overall, the U7C simulation results indicate very comparable integrity of the active site, in-line fitness, and positioning of the general base and acid conducive for catalysis.
Single Mutations at the C3 and G8 Positions. The C3 and G8 positions form a Watson-Crick base pair in the full-length hammerhead structure 43, 44 and are important in stabilizing the active site structure and positioning the 2′OH of G8 for acid catalysis. Here, we consider a series of single mutations (C3U, G8A, G8I, and G8D), representative hydrogen bond patterns of which are shown in Figure 2 .
C3U Mutation Disrupts the Active Site in the Reactant.
The C3U mutation reduces the catalytic rate by a factor ∼3 × (Figure 1 ) are in Å and degrees, respectively. Standard deviations (SD) are listed in parentheses. Boldface font is used to highlight key quantities that are significantly altered with respect to the wild-type (WT) simulation upon mutation and that are discussed in the text.
b In-line fitness index. 66 c The N 3 · · · N 1 distance between nucleobases in the 3 and 8 positions.
d r HB and θ HB are the hydrogen bond length and angle for the general base step, defined by G12:
e r HA and θ HA are the hydrogen bond length and angle for the general acid step, defined by C1.1:O 5′ · · · G8:H O2′ · · · G8:O 2′ . f The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 3.0 Å and θ g 120°.
g The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 2.5 Å and θ g 150°. a This table lists key structural indexes fluctuations for the G5 mutants, along with the control mutant U7C in reactant states. Data analysis was performed over the last 65 ns of each simulation with a 10 ps sampling frequency. Distance and angles (Figure 1 ) are in Å and degrees, respectively. Standard deviations (SD) are listed in parentheses. Boldface font is used to highlight key quantities that are significantly altered with respect to the wild-type (WT) simulation upon mutation and that are discussed in the text.
d r HB and θ HB are the hydrogen bond length and angle for the general base step, defined by G12:N 1 · · · C17:H O2′ · · · C17:O 2′ . e r HA and θ HA are the hydrogen bond length and angle for the general acid step, defined by C1.1:O 5′ · · · G8:H O2′ · · · G8:O 2′ .
f The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 3.0 Å and θ g 120°.
g The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 2.5 Å and θ g 150°.
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-4 . 35 Simulation results indicate that this mutation disrupts the normal Watson-Crick hydrogen bonding with G8 ( Figure  1) , causing a base shift that disrupts the active site structure in the reactant state. The average distance between the A9 and scissile phosphate (d 0 ) increases by 2.67 Å relative to the wildtype simulation and breaks key hydrogen bonds between the O 2′ nucleophile of C17 and N 1 of G12 (the implicated general base). These perturbations in the reactant state would prevent activation of the nucleophile and progress toward the transition state.
2. G8I Mutation Is Relatively Benign. The G8I mutation does not significantly alter catalytic activity, the measured rate reduction being less than a factor of 2. 33, 36 The removal of the exocyclic amine at the C 2 position weakens the hydrogen-bonded base pair with C3 but does not alter the structure (Figure 2) . None of the structural features derived from the simulations in either the reactant state or the activated precursor state show any marked differences from the wild-type simulations. Overall, the marginal effect on catalysis is likely a consequence of modest weakening, but not disruption, of the base pair between C3 and G8.
G8A Mutation Blocks the General Acid
Step in the Activated Precursor. The G8A mutation reduces the catalytic rate by a factor e0.004. 30 Simulation results indicate that the G8A mutation considerably weakens the base pair with C3, with only one weak hydrogen bond remaining intact (Figure 1 ). In the reactant state simulation, G8A does not appear to dramatically alter the active site contacts relative to the wild-type simulation, with the exception of the A8:N 1 · · · C3:N 3 distance, which increases due to a shift in the hydrogen bond pattern (Figure 2 ). In the activated precursor state, however, the hydrogen bond between G8:H 2′ and C1.1:O 5′ is significantly disrupted relative to the wild-type simulation. The breaking of this key hydrogen bond (r HA ) 4.13 Å) in the G8A mutation and movement of the general acid away from the leaving group effectively blocks the general acid step of the reaction. The G8A mutation has the largest effect on catalysis of all the single mutations at the G8 position considered here.
G8D Mutation Alters the Active Site Structure and Weakens the Interaction of the Nucleophile and General
Base. Mutation of G8 to 2-aminopurine 26,36 or 2,6-diaminopurine (G8D) 36 reduces the reaction rate by approximately 3 orders of magnitude. The affect of this mutation in the reactant state is to weaken the hydrogen bonding between G8D and C3 relative to the wild-type simulation. This results in corruption of the active site structure (d 0 increases by 2.89 Å relative to the wildtype simulation) and impairs hydrogen bonding of the 2′OH nucleophile with the general base. Double Mutations at the C3/G8 Positions. In order to better understand the role played by individual residues on ribozyme structure and function from mutagenesis data, it is useful to consider the effects of double mutations that are able to restore, at least in part, activity caused by deleterious single mutations. Here, we consider a series of double mutations (C3G/G8C, C3U/ G8A, and C3U/G8D), representative hydrogen bond patterns of which are shown in Figure 2. 
C3G/G8C Switch Mutation Has a Partial Rescue
Effect. The C3G/G8C switch mutation preserves strong hydrogen bond interactions between the 3 and 8 positions and has a partial rescue effect relative to the C3G and G8C single mutations, but it nonetheless still reduces the activity 150-200-fold relative to that of the wild-type. 39, 40 The purine/pyrimidine substitutions alter the local stacking environment and lead to subtle structural changes in the active site. As a consequence, the average distance between the A9 and scissile phosphates increases by 0.29 Å relative to the wild-type simulation, and f r HA and θ HA are the hydrogen bond length and angle for the general acid step, defined by C1.1:O 5′ · · · G8:H O2′ · · · G8:O 2′ .
g The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 3.0 Å and θ g 120°.
h The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 2.5 Å and θ g 150°. the hydrogen bond between the 2′OH nucleophile and general base is weakened (r HB decreases from 2.07 Å in the wild-type to 2.50 Å in the C3G/G8C mutant).
2. C3U/G8A Mutation Is Relatively Benign. The C3U/G8A mutation is an isosteric substitution that slightly weakens the base-pair hydrogen bonding and results in a relatively benign mutation with k rel around 0.5-0.012. 38, 39 The simulation results for C3U/G8A are similar to those of the relatively benign G8I single mutation in both hydrogen bond pattern and the isosteric pyrimidine/purine base pair (Figure 2) . The C3U/G8A mutation is a slightly larger perturbation than G8I, and the C3U/G8A simulation results indicate correspondingly more significant deviations from the wild-type. The C3U/G8A double mutation is overall similar to the C3G/G8C switch mutation, and although the pyrimidine/purine pattern is reversed in C3G/G8C, it does preserve the number of base-pair hydrogen bonds in the wildtype. The average distance between the A9 and scissile phosphates increases by 0.15 Å in the C3U/G8A mutant relative to the wild-type simulation, and the average hydrogen bond distance between the 2′OH nucleophile and general base (r HB ) is increased by 0.37 Å. This is expected to only moderately retard the efficiency of the general base step of the reaction. No other notable effects on the structure or dynamics were observed as a result of this mutation.
C3U/G8D Mutation Is Predicted To Have a Rescue
Effect. The hydrogen-bond-preserving C3G/G8C switch mutation and isosteric C3U/G8A mutations both had partial to strong rescue effects on hammerhead activity. Computationally, we performed simulations of a C3U/G8D mutation that would be an isosteric mutation that also preserved the number of native base-pair hydrogen bonds. Despite the corresponding single mutations having significant deleterious effects on activity, the double mutation is predicted by our simulations to have a significant rescue effect. The only significant deviation from the wild-type was in d 0 in the reactant state simulation, which increased by around 0.7 Å but did not lead to disruption of any of the key hydrogen bonds or in-line fitness indexes. A closer examination, however, reveals some differences in the base stacking of C3U/G8D relative to the wild-type and control simulations (Table 5 ). The alteration of the relative position between C1.1 and G8 (Figure 1) , in particular the increase in the r 7 stacking distance, shifts the position of the A9 phosphate, leading to the modest increase in d 0 . Consequently, the simulations results predict this double mutation to have a rescue effect, but not necessarily full rescue activity comparable to that of the wild-type.
Single Mutations at the G5 Position. The G5 position forms an important element in the structural scaffold of the active site that helps to hold the scissile phosphate in position via hydrogen bond interactions with the sugar and base functional groups of C17 and with the nucleobase of A14 (Figure 1 ). These include hydrogen bonds between the G5:N 1 endocyclic amine and C17: O 2 (r 4 ), and between the G5:N 2 exocyclic amine and C17:O 4′ (r 5 ) and A14: N 1 (r 6 ). Here, we consider a series of single mutations (G5I, G5A, and G5D), representative hydrogen bond patterns of which are shown in Figure 3 .
G5I Mutation Retards the General Acid
Step. Experimental rate measurements for the G5I mutation suggested a reduction of the catalytic rate by 0.006 to <10 -3 in refs 33 and 36, respectively. This mutation eliminates the exocyclic amine of guanine, and hence the hydrogen bond with C17:O 6 and A14: N 1 . As a result, in the reactant state, the integrity of the active site is somewhat disrupted (d 0 increases by 0.67 Å). In the a This table lists key structural indexes fluctuations for the G5 mutants, along with the control mutant U7C in activated precursor states. Data analysis was performed over the last 65 ns of each simulation with a 10 ps sampling frequency. Distance and angles (Figure 1 ) are in Å and degrees, respectively. Standard deviations (SD) are listed in parentheses. Boldface font is used to highlight key quantities that are significantly altered with respect to the wild-type (WT) simulation upon mutation and that are discussed in the text.
b The notation d-denotes the activated precursor state simulations having the C17:O 2′ deprotonated.
c In-line fitness index. 66 d The N 3 · · · N 1 distance between nucleobases in the 3 and 8 positions.
e r HB and θ HB are the hydrogen bond length and angle for the general base step, defined by G12:
f r HA and θ HA are the hydrogen bond length and angle for the general acid step, defined by C1.1:O 5′ · · · G8:H O2′ · · · G8:O 2′ .
h The hydrogen bond contact percentage for the above entries, defined as the percentage of the snapshots in which r e 2.5 Å and θ g 150°. a This table lists key structural indexes to characterize the base stacking between G8 and C1.1 for different mutants. Data analysis was performed over the last 65 ns of each simulation with a 10 ps sampling frequency. Distance and angles (Figure 1 ) are in Å and degrees, respectively. r 7 is r(C1.1:N 1 ,G8:N 9 ); θ 7 is θ(C1.1:C 2 ,C1.1:N 1 ,G8:N 9 ); r 8 is r(C1.1:O 4′ ,G8:C 1′ ); and the torsion angle φ 8 is φ(C1.1:C 1′ ,C1.1:O 4′ ,G8:C 1′ ,G8:N 9 ). Standard deviations (SD) are listed in parentheses. Boldface font is used to highlight key quantities that are significantly altered with respect to the wild-type (WT) simulation upon mutation and that are discussed in the text.
b The notation d-denotes the activated precursor state simulations having the C17:O 2′ deprotonated. activated precursor state, the hydrogen bond between G8:H 2′ and C1.1:O 5′ is lost (r HA ) 3.6 Å), which would severely impair the general acid step of catalysis.
G5A Mutation Severely Disrupts the Active Site Integrity
and In-line Fitness. The G5A mutation leads to no detectable activity in the HHR. 30 This mutation eliminates both the endocyclic and exocyclic amines at the 1 and 2 positions of guanine that hydrogen bond with C17 and A14 and replaces the O6 carbonyl group with a new exocyclic amine at the 6 position. The result is that the nucleobase shifts such that the exocyclic amine at the 6 position of inosine hydrogen bonds with C17:O 4′ , previously hydrogen-bonded to the endocyclic amine at the 1 position. The other hydrogen bonds to C17 and A14 are eliminated. This results in considerable degradation of the active site (d 0 increases by 0.98 Å in the reactant state), poor in-line fitness in the activated precursor state (F decreases by 50%), and greatly reduced hydrogen-bonding interaction between G8:H 2′ and C1.1:O 5′ (r HA increases by 1.1 Å). Overall, the active site structure and positioning of the general acid in the activated precursor are not conducive for catalysis.
G5D Mutation Severely Disrupts the Active Site Integrity
and In-line Fitness. The G5D mutation leads to reduction of catalytic rate by 4 orders of magnitude (k rel ) 10 -4 ). 36 The hydrogen bond pattern for this mutation is not as severely perturbed as for the G5A mutation. Nonetheless, in the reactant state, the average distance between A9 and the scissile phosphates (d 0 ) increases to 5.2 Å, and the hydrogen bond between the 2′OH nucleophile and G12:N 1 (the implicated general base) is less pronounced. In the activated precursor state, the general base hydrogen bond is dramatically weakened (r HB ) 2.62 Å), and the average in-line attack angle, θ inl , is reduced to 139.7°. These structural deviations are expected to hinder the attack of the nucleophile to the scissile phosphate.
Discussion
In the reactant state, shifted residue positions stabilized by hydrogen bond networks disrupt the active site integrity.
Simulation results (Table 1) show that, among the C3 and G8 mutants, d 0 shows the greatest deviation for C3U (d 0 ) 6.64 Å) and G8D (d 0 ) 5.86 Å), compared to the wild-type (d 0 ) 3.97 Å) and U7C control simulation (d 0 ) 4.27 Å). In these two mutants, the C3/G8 base pairs are held together by two hydrogen bonds, and the bases are shearer relative to the WT (Figure 2) . In other mutants, including C3U/G8A, G8I, and C3G/ G8C, all d 0 values are similar to those for WT and U7C. In the case of the C3U/G8D mutation, subtle changes in base stacking produce a slight shift in the relative positions of C.1. and G8 (Table 5) , and this deviation is stabilized by the strong hydrogen bond network, leading to a modest increase in d 0 (d 0 ) 4.68 Å). In the case of mutations at G5, the G5D mutant has the largest value for d 0 (d 0 ) 5.2 Å). The G5D mutant also displays a significant shift in the orientation of D5 with respect to C17 (Figure 3) that is stabilized by a fairly strong hydrogen bond network. Thus, the mutants that exhibit large shifts in the relative positions of key residues in the active site scaffold and that are locked by hydrogen-bonding networks (i.e., C3U, G8D, G5D) generally display the largest disruptions of the active site architecture. Alternately, mutants that do not exhibit shifts of the relative positions of residues (i.e., G8I, C3U/G8A, and C3G/ G8C) or that have weakened hydrogen bond networks (G8A, G5A, G5I) have d 0 values more similar to those of the WT and control simulations. Figure 4 shows the cluster-average structures of the active sites from the reactant states of WT, C3U, and G8D.
In the activated precursor state, strong hydrogen bond networks stabilize the active site architecture. In all of the activated precursor simulations, the relative positions of the A9 and scissile phosphates are very similar (d 0 values of around 3.0 Å). This is a result of the bridging Mg 2+ ion that locks the A9:O 2P and C1.1:O 2P positions. The general base indexes are also similar between the different simulations due to the strong hydrogen bond that forms between G12:N 1 and the deprotonated C17:O 2′ nucleophile. The one exception is for d-G5D, where the loss of a hydrogen bond between D5 and the C17:O 4′ causes the position of the sugar to shift and the hydrogen bond between the activated nucleophile and G12 to be less populated.
The orientation of the implicated general acid, G8:O 2′ , so as to be poised to donate a proton to the C1.1: O 5′ leaving group, is important for catalytic competency. Alterations in the hydrogen bond network that disrupt the position of G8:O 2′ , particularly the base-pairing hydrogen bonds between C3 and G8, will have an adverse effect of the general acid step and can be tracked by monitoring the hydrogen bond distance, r HA . Tables 3 and 4 indicate that activated precursor simulations generally have similar general acid indexes (r HA and θ HA ), with a few notable exceptions. In the d-G8A simulation, the C3-G8 hydrogen bond network is lost. In the d-C3U/G8D simulation, the C1.1-G8 base stacking is significantly different from other mutants. In the d-G5I and d-G5A simulations, the hydrogen bond network between G5 and C17 is disrupted.
Hence, in the activated precursor state, the two strands are brought together by the bridging divalent metal ion, and a strong C3-G8 hydrogen bond network is necessary to keep G8 in position so that the general acid (G8:O 2′ ) is poised for catalysis. The interaction between G5 and C17 is important since G5 stabilizes the orientation of both the nucleobase and ribose of C17 and helps to position the nucleophile in-line with the scissile phosphate. Disruption of G5-C17 hydrogen bonds will either prevent in-line attack (d-G5A and d-G5D) or alter the position of the general acid (d-G5I). For the double mutant d-C3U/G8D, although all U3-D8 hydrogen bonds are maintained (Table 3) , the C1.1-G8 base stacking distance is slightly elongated, as indicated by the larger r 7 and r 8 in Table 5 , and as a result, the general acid, G12:O 2′ , is shifted away from the leaving group C1.1:O 5′ (r HA in Table 3 ).
Figures 5 and 6 demonstrates the significant mutational effects on the activated precursor states due to C3U/G8D and G8A ( Figure 5 ) and G5I, G5A, and G5D ( Figure 6 ) by showing the corresponding cluster-average structures.
C3/G8 mutations may induce structural changes that have remote consequences at the general base step. There is evidence that minimal sequence hammerhead motifs are conformationally variable and that there is an equilibrium between active and inactive conformational states. 32, 39, 63 It has been hypothesized that minimal and extended (full-length) hammerheads may utilize a similar dynamic reaction mechanism for catalysis and that observed correlations between mutations between C17 and C3/G8 may be explained by transient pairing between residues 3 and 17, and 8 and 13, arising from interactions in the inactive conformation. 39 The supposition was based, in part, on the observation that C3 and G8 are distant from C17 in the extended hammerhead structures, making it difficult to rationalize the observed correlations between mutations between C17 and C3/ G8 in an active conformational state. In the inactive minimal sequence structures, C3 pairs with C17 and G8 pairs with A13. 40, 42, 64 Our simulations results for the active full-length hammerhead suggest that mutations at C3/G8, in some cases, may induce remote changes in the structure and dynamics at C17 that affect the general base step of the reaction. Recent kinetics studies have indicated that the native full-length hammerhead constructs exhibit less conformational variability than the minimal sequence motifs and maintain a higher population of active conformations. 32, 33 The present simulation results afford an alternate interpretation of the experimentally observed correlations between mutations between C17 and C3/ G8 positions that does not rely, at least as heavily, on the assumption that mutants of the full-length hammerhead are in a dynamic equilibrium that populate an inactive conformation with contacts resembling that of the minimal sequence.
Variation of base stacking interactions of G8 and C3 with C1.1 and G2.1 may lead to new HHR motifs with modified activity. Our results suggest that the identities of nucleotides at C3 and G8, including some double mutants that preserve basepairing, can adversely effect HHR catalytic activity. This implies that the environmental effect due to the base stacking interactions between G8/C1.1 and C3/G2.1 may be important to hold G8/C1.1 in the proper relative position for the general acid step of HHR catalysis (Table 5 ). In recent studies on various HHRs, it has been shown that the tolerance to mutations at C3 and G8 is dependent on the identities of surrounding nucleotides, including C1.1 and G2.1. Residues C1.1 and G2.1 are not conserved, 17, 30, 65 and hence it may be possible to exploit variations in C1.1 and G2.1, along with correlated mutations at G8 and C3, to design new HHR motifs with modified activity.
Long time simulations are required to understand some mutational effects. The current study reports 100 ns simulations for a series of HHR mutants in the reactant and activated precursor states. As pointed out previously, 27 long time simulations are necessary to relax the mutations and sufficiently sample the conformational space required to observe the mutational effects. Shown in Figure 7 , the simulation of the activated precursor state of G8A reaches a stable relaxed state after 30 ns. Figure 8 shows the backbone heavy-atom traces from the first 100 ns of the reactant state trajectory of the native sequence (WT) and suggests that the system undergoes a significant conformational motion on the nanosecond time scale. However, on this time scale, for the extended HHR, we do not observe an equilibrium between proposed active and inactive states that involve changes in stem contacts, as has been inferred from biochemical studies.
39 Recent time-resolved NMR spectroscopic investigations have indicated that an ensemble of conformations, sensitive to the presence of Mg 2+ , are accessible to the minimal HHR and that dynamic transitions, localized around the catalytic core, occur on the millisecond time scale. 63 This time scale extends beyond that which has been probed in the current work for the full-length hammerhead, but nonetheless, the question of dynamic conformational equilibrium and it role in catalysis remains an important one to address in future work.
Conclusions
The present molecular simulation results provide insight into the origin of mutational effects in the full-length hammerhead ribozyme not easily derivable from available experimental structural data. We report results of molecular dynamics simulations of the native and mutated full-length HHRs in the reactant state and in an activated precursor state. A key result from this work is that, in performing computational mutagenesis simulations of ribozymes, one must consider time scales greater than 30 ns for relaxation of mutant structures and in some instances look beyond the reactant state along the catalytic reaction coordinate in order to reconcile the origin of mutational effects. The present study makes predictions and offers new insights into the understanding of the hammerhead mechanism as interpreted through mutational data.
Mutant simulations at the C3, G8, and G5 positions were performed, and the simulation results are consistent with a mechanistic model where G12 acts as the general base while the 2′OH of G8 acts as a general acid, although it does not definitively exclude other mechanisms. Simulations suggest that the Watson-Crick base-pairing interaction between G8 and C3, the hydrogen bond network between C17 and G5, and the base stacking interactions between G8 and C1.1 collectively contribute to the stabilization of the active site scaffold that is required for catalytic activity. Disruption of any of these components can affect the catalysis at different stages of the reaction. Analysis of the simulations indicates that C3/G8 mutations may induce structural changes that have remote consequences at the general base step and afford a possible alternative, or partial, explanation of experimentally observed correlations between mutations between C17 and C3/G8 positions. Simulation results suggest that base stacking interactions of G8 and C3 with nonconserved residues C1.1 and G2.1 can affect activity and provide insight into the design of new HHR motifs with modified activity. Finally, we predict that the C3U/ G8D double mutation may have a rescue effect.
The results reported here offer molecular-level details on the origin of mutational effects on full-length HHR catalysis. It should be emphasized that the interpretations made here do impose particular assumptions about the mechanism, such as the roles of G12 and G8 2′OH as general base and acid, respectively. It is possible that other mechanistic scenarios whereby these roles are played by different residues, including metal ions, might prove equally consistent with the data. To fully resolve these questions, combined quantum mechanical/ molecular mechanical simulations of the chemical steps of the reaction must be performed. Nonetheless, the present computational mutagenesis study provides a detailed characterization of the structure and dynamics of a series of important hammerhead mutations and makes predictions about compensatory mutations that can be tested experimentally. Supporting Information Available: Cluster-average structures, in PDB format, from both the reactant and the activated precursor state simulations of all mutants. This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure 8. Phosphate backbone heavy-atom traces from the reactant state simulations of the native sequence (WT). In total, 100 structures are used here, extracted from the first 100 ns of the trajectory, with one structure for every 1 ns. The yellow trace is the starting structure. Two different angle views are shown (A and B).
